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ABSTRACT

This paper examines the instantaneous, Fourier power spectrum

for different types of input signals such as CW, pulse modulated CW and linear
FM signals using the acousto-optic spectrum analyzer. The effect on the

time-integrated output intensity distribution due to the truncation of the

propagating acoustic signal by the finite aperture width of the Bragg cell

is also analyzed. Some experimental results on pulse-modulated CW and linear

FM signals are presented, and then compared with theory.

* RiSUME

Ce rapport examine la distribution instantan~e Fourier du spectre

de puissance pour aiff~rents types de signaux d'entr~s tel que CW, CW avec
modulation par pulsations, et modulation F.M. lingaire, utilisant l'analyseur

de spectre "Acousto-optic". L'effet sur l'int6gration 1 la sortie de la

distribution d'intensitg caus~e principalement par la coupure du signal

acoustic par la largeur limit~e de l'ouverture de la cellule Bragg est aussi

analys6. Quelques r~sultats exp~rimentaux sur des signaux A modulation par

pulsations et modulation FM lin~aire sont pr~sent~s et compar~s avec la

th~orie.
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INTRODUCTION

Spectrum analysis using acousto-optic diffraction is well known for

its inherent capability of wideband spectrum analysis on a real-time basis
with many simultaneous signals present. The diffraction of a plane wave,
monochromatic, light beam by a single acoustic signal is well understood and
analyzed by W.R. Klein and B.D. Cook (1967) and R. Adler (1967). A coupled

mode formulation is developed by Hecht (1977) for the analysis of acousto-
optic diffraction with multiple acoustic waves at different carrier frequencies.
A review covering the real-time optical Fourier spectrum analysis on topics
such as weighting functions, frequency resolution and side lobe level is also

given by Hecht (1977). For small signal analysis, the acoustic signal can
be modelled as a travelling wave phase grating as presented by M. King (1967)
and W.T. Maloney (1969). The emerging light phase front is diffracted in
passing through the modulator which produces an additional quadrature component
of the optical carrier amplitude modulated by the acoustic signal.

In this paper the instantaneous, light intensity distribution in the

frequency plane is computed for different types of input signals using the

travelling wave phase-grating model in the Bragg regime. Time-integrated
output intensity distributions are also plotted for pulse-modulated CW

signals with different pulse-widths and a linear FM. They are then compared
with experimental values.

2.0 THEORETICAL FORMULATION

The schematic diagram of the acousto-optic spectrum analyzer is
shown in Figure 1, with a collimated light wave impinging on the Bragg
cell at the Bragg angle 0B . Assuming the Fourier transform lens is ideal,

B'
the diffracted field distribution in the frequency plane in one dimension is
approximately given by:

Ul(Y1,t) AEo exp [-j2fN(t - 2F] Pc XF"
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g(YO Cos - Vt) w(y0 ) exp [-j - (Y1 yo)] dyo
-D2 

(1)

where:

g(YO cos 0B -vst) S g(YO - vs t), for 0B < < 1

is the normalized travelling acoustic signal wave

P = height of Bragg cell aperture

A = a collection of constants including the elasto optic
diffraction efficiency

v = acoustic wave velocitys

X= c/v is the optical wavelength

The amplitude weighting window function [w(yo)} which includes
the truncated Gaussian beam profile and the acoustic attenuation is given by:

w(yO) = exp [-a(f) T (I- + ) - (2T yo) 2 ]
D D/ (2)

Where T specifies the truncated Gaussian beam profile, a is the
acoustic loss coefficient in nepers/sec and T is the acoustic transit time
across the aperture.

Equation (1) can be rewritten as a convolution of the spatial
Fourier transform of the input signal and the Fourier transform of the
amplitude weighting function as follows:

U1 (Ylt) AE0 exp [-j2Trv(t 2F)] p"I - c F-
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I G(f/v )W(- - f/v )d(f/v)
s A~F s S (3)

where

G(f/v) f JD/2 g vy - t) exp [-j2rTf yo/v,] dyO

=fD/ 2

W - fly JD/ w(yo) exp [-j27TYO f/v~) dyo

2.1 CW and Pulse-modulated CW Carriers

Both types of signals are characterized by a constant carrier and
are expressed by

g(yo - v t) Re {A(ya - v st) exp l[j27Tfv (yO - vt s 0

where A(yo -v t) is the amplitude function of the signal
5

2.2 Linear FM

A linear FM can be expressed by

g(yo v Vt) =Re [A(yo - v t)] exp {J2ir[f/v (YO - Vt)

+ - -.. (yO v- t2
2 5

Sj
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where fo Is the centre frequency and k is the rate of change of frequency
in (HZ/sec).

3.0 EXPERIMENTAL ARRANGEMENT

The schematic arrangement of the experimental acousto-optic spectrum
analyzer is shown in Figure 1. The optical source is the Spectra Physics
Model 1248 helium neon laser which delivers 15 mw of coherent optical power
at 0.6328 nm. The laser beam is expanded in one dimension by the beam
expander to a width of 20.5 mm with a Gaussian intensity profile truncated
at l/e2 points. The bulk Bragg cell used is the FJW D-150 Acousto-optic
deflector with the Zenith phased array transducer giving a bandwidth of about
100 MHZ at a centre frequency of 150 MHZ. The aperture dimensions used in
the experimental measurements are 2 nm by 20.5 mm with a corresponding
transit time of 5 psec. The acoustic loss coefficient is measured to be
0.5 nepers/5 vsec at the centre-frequency. A thin circular Achromat lens
of diameter 50.8 mm with a focal length of 0.4 m is used to Fourier trans-
form the weighted signal as it forms the far-field intensity distribution in
itj back focal plane. The lens was tested and found to produce negligible
phase error for low spatial frequencies. The output intensity distribution
is detected and integrated on the Fairchild CCD 110/11OF linear image sensor
with 256 elements. The cell size is 13 vim by 17 vim on 13 vim centers with a
channel stop width of 5 vim. The information stored in the elements are
clocked out serially by CCD shift registers and displayed on an oscilloscope.

4.0 COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS FOR
PULSE MODULATED CW SIGNALS

Using eq. (1), the envelopes of the instantaneous power spectra for
a 5 psec pulse modulated CW at 150 MHZ are plotted in Figures 2 and 3. They
are plotted at different instants of time as the pulse propagates across the
Bragg cell. The acoustic signal is attenuated and illuminated by different
portions of the Gaussian profile on its course through the aperture. The
effect of the amplitude weighting function is to broaden the main lobe,
suppressing the side-lobe levels and filling up the nulls. Shown in Figure
2 are the two plots of the instantaneous power spectra; one with the signal
completely coincident with the aperture and the other one with a quarter of
the pulse interacting. As can be seen from the graph, the truncation of the
signal by the finite aperture causes the frequency components to spread out
with a corresponding drop in power. The instantaneous spectrum at another

instant of time with half of the pulse interacting is shown in Figure 3. A
listing of the computer program is given in Appendix A.



Zt

OD LJn

zK

c.0 CY
U-,

wO0 00

(SP) IISNl~i 3ZIIVYHO



In,

w X

OD) 9) co_

y - --

WE 0

(SP)~~~I~ coSU 3ZIWO



Summing up all the spectra at different instants of time, an

integrated power spectrum is obtained and shown in Figure 4. The total

integration time is 10 psec which is the time interval for the pulse to

transit the aperture. Figure 4 also shows the spectrum of a CW signal

integrated for the same interval of time, or equivalently, it is the

spectrum of a stationary 5 psec-pulse filling up the aperture and time

integrated for 10 visec. By comparing the two plots, the effect due to the
truncation of the signal by the finite aperture is to broaden the main lobe
and to smooth out the side lobes. The two output waveforms are also measured
experimentally and shown in Figures 5(a) and 5(b). Identical photo-cells are
used in recording the two waveforms in order to minimize t:.e effect of cell
response variations. As can be seen from the figures, there is a definite
spread in the main lobe due to the truncating effect. No attempt is made
here to compare the theoretical and experimental results in detail because

thi width of the power spectrum is comparable to the size of a photo-cell
and the cell to cell boundary structure introduces distortion.

Theoretical results are plotted in Figures 6 and 7 for a 1 Psec
and 2 psec pulse modulated carriers along with the corresponding experimental

measurements shown in Figures 8(a) and 8(b). For these two cases, the main
lobe covers a number of cells and the error introduced by the structure of
the cell boundary becomes less important. The light intensity distribution
is graphically integrated with a cell width of 13 pm and the results are

tabulated in Table I along with the experimental values. Some of the
possible sources of error in the measurement system are as follows:

a) The lenses used in the beam expander and the Fourier

transform are not ideal.

b) There is error introduced by representing the beam
profile with an ideal truncated Gaussian distribution.

c) There is error due to the cell-to-cell boundary
structure and the photo response non-uniformity of
the cells.
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TABLE I

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL INTEGRATED INTENSITY
DISTRIBUTION FOR A 1 pSEC AND 2 pSEC PULSE MODULATED CW SIGNAL

PULSE-WIDTH 1-pSEC 2-pSEC
IN ASEC CW = 150 MHz CW = 150 MHZ

Theoretical Experimental Theoretical Experimental
Intensity Intensity Intensity Intensity

CENTRE CELL
(Normalized to 1 1 1 1
Unity

1st Cell from 0.87 0.875 0.70 0.61
Centre

2nd 0.64 0.60 0.21 0.15

3rd 0.36 0.4

4th 0.17 0.13

The experimental results shown in Figures 8(a) and 8(b) agree
reasonably well with the theoretical calculations if the sources of error
are taken into account.

5.0 COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS FOR A
5 pSEC PULSE MODULATED LINEAR FM SIGNAL

Using eqs. (1) and (7), the instantaneous power spectra of a
linear FM signal are plotted in Figures 9 and 10 for different instances
of time. The duration of the signal is 5 psec with a centre frequency of

150 MHz and a frequency excursion of 2 MHz. The theoretical time-integrated
power spectrum is plotted in Figure 11 and the power spectrum of the same
signal, but stationary in the aperture and time-integrated for the same
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interval of time, is also plotted for comparison. An enlarged plot showing
the main lobe structures is given in Figure 12. As expected, there is a
spread in frequency and smoothing of the side lobes for the time-integrated
output due to the truncation of the signal by the finite aperture width.
The experimental output power spectrum is also measured and shown in Figure
13. Some comparisons between the experimental and theoretical values are
tabulated in Table II. The theoretical pow-r spectrum is graphically
integrated with a cell width of 13 pm and again they agree reasonably well.

TABLE II

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL
INTEGRATED INTENSITY DISTRIBUTION FOR THE LINEAR FM SIGNAL

LINEAR FM
PULSE WIDTH = 5 SEC THEORETICAL EXPERIMENTAL
fo = 150 MHZ INTENSITY INTENSITY
Af = 2 MHZ

CENTRE CELL
(at 150 MHz, 1 1
Normalized to
Unity)

1st Cell on
Right of Centre 0.78 0.79
Cell

2nd 0.62 0.33

3rd 0.32 0.10

ist Cell on
Left of Centre 0.93 0.85
Cell

2nd 0.95 0.87

3rd 0.59 0.77

4th 0.29 0.43

Ii
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6.0 CONCLUSIONS

In general, the experimental results agree well with theory for
pulse modulated CW and linear FM signals. The effect on the integrated
output due to the truncation of the signal by the finite aperture is to
broaden the main lobe and smooth out the side lobes.

The theoretical and experimental results for linear FM signals show
that there is considerable broadening of the spectra due to the fact that the
frequency is modulated. The important point is that the power spectra of this
type of signal is reproduced even thuagh the spatial structure of the acoustic
signal in the Bragg cell is now complex.

The combination of theoretical and experimental results available
at this time indicate that the acousto-optic receiver can be used to give an
accurate and instantaneous description of the power spectrum of several types
of signals commonly encountered in ESM applications.
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APPENDIX A

COMPUTER PROGRAM LISTING
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C HS PROGRAM1 is RITTEN TO CALCULATE T"E INTENSITY 0ISTRI3UTION
C1I THE FOCAL PLANE FOR DIFFERIENT TPES OF SIGNALS WITH 4086100
CILLUINAPTION DISTRIBUTION AND ACOUSTIC LOSS

C FS - CENTEFREQUENCY OFSIGNAL

c t - -TOAL.2N TM

ALAN PTICA VAUIELSTIO(f) ANLTD
1.40 I FOCL ENTH ONLZD NEST

1.750 TI. AERTUR WI. T
1.?00 ALFAN ACOSTC OSCEFICEN

1.790 C K-LIERFRCAGIGRT

1.300 C -012
3.00 UDISO lM 2a2.3aa.l22.

1.110 A4lFA -21. .

2.000 40 pi2 TT'D.

1.260 11-TE211

1.400 1' FLITESITORAIEDITNST'
2.6416 A -. S

2.710 Cl- 2.SPISFO/VS
t.720 C2A- -C1SYY-

2.900 F-.

3.010 ALFA-1.0 l
2.1 on C3 AL AQS AS.1..OLNK
a.00 TTK.1

3.400 C1- 2.2( CIC)X*CTS)/EPCD-(4X32
2.600 00 TO 2I

2370 00 Nto1.
2.710 CAL FCAAUCSF(/,P..TLNS

2.70 K-D/. D4.3.41q1
2.7106 l 2FK.LE.0) O TO
2.730 PZ- SIc C*83X*sCX PC3X(CS)2

3.740 GTO4
3.000 6 AI-P
3.5190 CAL SATCRE AINSAIR) 2100.K) (-LAT~'.

3.6100 AI0 TO aN
3.300 3II1 - YUIOO *200.a1
3.710 4 ALL -AGU YAcI./00.ac O S/ALAN2

3.2 KI~
3.7as~~~~' IFK7E0 OT
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4.5 13 CONTINU
6.15IF(4~) 31 1.3

se uARRI(Fi15.F18.4,141.U,".4)a.,. s TO =63
U.M 31 ERMI ef*S.L0610( Y3(6i )
9.3" 0703
01.400 30 3(ft1) .10.81.0610 V311)I )
8.§ 33 Ma..
O.M is CONINUE
9.10 al CONTINE

13.3.1 CALL INZTY(1IM)
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18.410 CALL CIECKVltt1)
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111.14 CALL INITT(13M)urnM CALL 3INITT
1i.M CALL @HECK(V4.tl)
18.50 CALL DWL*V(Y 11)

.3. CALL CI'LOTMA.&)
ai.M CALL FIIT(6.?19)

1.0 SeUBaRzUTIE oAU0Si m. 3.FIX#. YOL.MHK)
101.0" DINOlopA*0), *CC30), Alm, AMD.)
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27.40 1 .5M55556 .3331333 .r453 .4464M1
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30.4101 1 .36363 '4331411. SGUM63..354.

31.656 1 .516661..730151. .3876686.,3313
32.3.4 1 .12486, .8797164, .3811361. .41751
32.0f6 1 .3342534. .6133714/'
34.060 DMlA A.8.360311, .313. .iIV43ft-1,
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235.0 1 4635..741532,3 .9491673. Va51$MM7-1
39.001 1. .1 ,34 .136331 .8=2313 .313645.
46.611 1 3ases5. .53346933. .0061719, .4484013-lo
41.000 1 .1131815. .1333725., .178146, .3673161.
42.0106 1 ?26 -i.173..1577
44.3 AT 3/.6633 .116161.* .1334215. .8937W
45.603 MFTOL.LE.0. @..-

47.000 17(1-4) 400.303 111
1400 410 tFIK-1) 001,301.57M

39.3. of SM1.0
51.4101 3.33
53.3. .3
56.010 M.(e61

WON3 13 SCLI 3-).
57..410 MU1. - 3#3)4.

THiIS PAGE IS BE9ST QAIT L ?~
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so.*"0 13 X-MCL
50.0" -
61.0W 303 FO.PF(
as. 6" J."
63.0W 31 CALC98..
64.000 1-1

6.000 IF(K.EG.J 40 TO 3
6?.0W 20 L.--
so.*" X.A(L.N3 X9CL1.UCL2
69.06W K-0

t74.00 RETUR*N
71.0W 301 TEPMP -FX
72.0" X.(-A(LM) ) SCtLISCL2
73.0" K"1
74.900 RETURNG
76960 30 CALCO-CALCE +A(I.J)Z(TEMP#FX)
76.000 1-1+1
71.0" IF(I.LT.J) 4O TO 2
78.0"0 3 CALCa*CALCa + A(1.I) SFO
79.0" CALCO *CALC2*SCLI
90.0" IFCII.If.0) 0O TO I
31.000 7 IF(ADS(CALCI).GT.I.) GO0 To 1111
38.0W !F(ABS(CALCI-CALCB) .LT.TOL) 0O TO S
83.0" 0O TO S
84.0W 1111 IF(A9S((CALCl-CALC2)/CALCl) ATY. YOU) 00 TO05
86.0W 6 CALCI-CALC2

35.600 .1(J-H 1,11
as.090 8 FHALF-FHALF *CALC2
$9.000 IF(IT.NE.1) GO TO IS
90.0"9 SAIJE.FHALF
91.909 SCLl.-(PREND-B)/2.
ge.00 SCL2-(PRENO+1)/2.
93.0W 17.2
94.000 GO TO 13
1;5.0" 1s IF(APS(CFI4ALF-CALCIJ'ffER)-LT.TOL) 00 TO 16
96.0W CALCI -SAVE
97.0W 00 TO 11e
93.0W 16 SUM-* SU+F14ALF
99.0We IF (PRIEND.GE.RNEND) GO TO 114

161.000 0PRE"D
192.90 3M-11
143.0$ M-6
104.0W F#'ALF .0
106.0W 00 TO 606
166.9W 114 CALCa *SI
197.00o 6 FX-CALC8

109.6W RETURNI
110.9W 11 IF(!ND.GT.0) 00 To 110
111.000 REAR -CALCI
113.0W 11.3 -
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